The bone is one of the relevant target organs of heavy metals, and heavy metal toxicity is associated with several degenerative processes, such osteoporosis and bone mineral alterations, that could lead to fractures. We aimed to study a presumed relationship between bone density, evaluated by quantitative bone ultrasound (QUS), dual-energy X-ray absorptiometry (DXA) and peripheral quantitative computed tomography (pQCT) and the dietary intake of cadmium, lead and mercury in healthy premenopausal women. A total of 158 healthy, non-smoking, premenopausal women were incorporated into the study. A validated food frequency questionnaire (FFQ) was administered to assess intake during the preceding seven days. The median predicted dietary cadmium intake among the 158 women studied was 25.29 µg/day (18.62-35.00) and 2.74 µg/kg body weight/week (b.w./w) (1.92-3.83). Dietary lead intake was 43.85 µg/day (35.09-51.45) and 4.82 µg/kg b.w./w (3.67-6.13). The observed dietary mercury intake was 9.55 µg/day (7.18-13.57) and 1.02 µg/kg b.w./w (0.71-1.48). Comparisons, in terms of heavy metal intake, showed no significant results after further adjusting for energy intake. No statistically significant correlations between heavy metal intake and the QUS, DXA and pQCT parameters were observed. Levels of dietary exposure of cadmium, lead and mercury were mostly within the recommendations. We did not find associations between the QUS, DXA and pQCT parameters and the dietary intake of the studied heavy metals in healthy premenopausal women.
Introduction
Bone is one of the important target organs of heavy metals, and heavy metal toxicity is associated with several degenerative processes, such as osteoporosis and bone mineral alterations, that could lead to fractures [1, 2] . Exposure to heavy metals occurs through various routes, and quantifying absorbed doses is complex because of the levels of absorption and metabolism [2] . In addition, exposure duration varies widely among individuals, with polluted or fresh water, soil, dermal contact of soil, air, smoking, and food being the primary routes of exposure [2] [3] [4] [5] [6] [7] . In the case of cadmium, for non-smokers, food consumption has been identified as the major pathway of cadmium exposure, accounting for 90% of the cadmium exposure compared to other routes of exposure [8, 9] .
Toxicity and the resulting threat to human health of any contaminant depends on the concentration; it is well known that sustained exposure to cadmium, lead and mercury at relatively low levels has negative effects [10, 11] . Cadmium ranks seventh in the Agency for Toxic Substances and Disease Registry (ATSDR) list of elements posing the most significant potential threat to human health in the environment [12] , and both human and in vivo studies have demonstrated cadmium to have toxic effects on bones, resulting in low bone mass, higher risk of osteoporosis and bone fractures [13] [14] [15] [16] [17] [18] . Several population-based studies from Belgium, Sweden, Japan, and China have demonstrated an association between decreased bone mineral density and low-level cadmium exposure [15, [19] [20] [21] [22] . Cadmium also interferes with parathyroid hormone stimulation of vitamin D activation in kidney cells to increase urinary excretion of calcium, thereby reducing its absorption from the intestines and interfering with calcium incorporation into bone cells [23] .
Lead exposure has been linked to enhanced bone turnover, reduced mineralization, and a decline in bone mineral density (BMD) and is considered to be a cause of osteoporosis in the most serious cases [24] . Lead can substitute calcium in hydroxyapatite crystals and has a higher affinity for osteocalcin than calcium [24, 25] .
There is a lack of knowledge about the effects of mercury on human bone metabolism, and further research, in regard to the potential effects of mercury on bone metabolism, is required [24] .
The food frequency questionnaire (FFQ) method is applied as a tool in estimating the frequency of intake of individual foods or food groups over different periods of time (days, weeks, months, or years) and has been used, more and more, to measure dietary exposures in epidemiologic studies [26, 27] that evaluate dietary heavy metal intake.
The standard screening procedure for the assessment of bone mineral density (BMD) is dual X-ray absorptiometry (DXA), which helps in identifying patients at risk of osteoporosis or fractures [28] . Quantitative bone ultrasound (QUS) is an alternative and/or integrative technique to DXA scan; it is a radiation-free, transportable technique that uses sound waves to evaluate bone properties that are not measured by the DXA scan [29] [30] [31] [32] [33] . Peripheral quantitative computed tomography (pQCT) provides information regarding both trabecular and cortical bone properties and measures volumetric bone mineral density (vBMD), which is independent of body size and in contrast to the size-dependent planar measurement of areal bone mineral density (aBMD) [34] .
We aimed to describe the dietary intakes of lead, cadmium and mercury among healthy, non-smoking premenopausal Spanish women. Additionally, we attempted to establish a putative relationship between bone health, measured by-QUS, DXA and pQCT-and the intake of these heavy metals in these women.
Materials and Methods
Healthy, non-smoking, premenopausal women were recruited from the area of Cáceres and nearby communities, via web advertising and primary care consults. Inclusion criteria included being healthy, residing in the studied area, being of white European origin and having no mental or physical functional impairments. The Clinical Research Ethics Committee at the Complejo Hospitalario San Pedro de Alcántara Hospital (Cáceres, Spain) (05032001/17) approved this study. All participants provided written informed consent, in accordance with the 1975 Declaration of Helsinki.
We aimed to have enough statistical power to detect medium effect sizes (anticipated Cohen's d = 0.5) with a β = 0.80 and α = 0.05, which required a minimum sample size of 128 participants. A total of 158 premenopausal women were included in this study. Participants underwent primary or secondary examinations. Most of them were married and did not have children (71.5%), and their social status was average. None of the participants had dietary restrictions and their medical histories showed no presence of low-trauma fractures.
We registered subjects' complete medical histories and physically examined each participant before acceptance into the study. Women were excluded if they were taking medications that could interfere with bone turnover (antipsychotics, oral anticoagulants, corticoids, etc.). All women led active lives but did not regularly practice sports. Alcohol intake was occasional (not exceeding 100 mL/day in any case). Height was measured using a Harpenden stadiometer (Holtain, Crymych, UK). Weight was obtained by standing on a zeroed biomedical precision balance scale. Both measurements were obtained with the women dressed in light clothing, with shoes and socks removed. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared (kg/m 2 ).
Ultrasound studies were performed on the 2nd to the 5th proximal phalanx of the non-dominant hand, using a DBM Sonic Bone Profiler (IGEA, Capri, Italy). The femoral neck and L2-L4 spine BMDs were analyzed via DXA (Norland XR-800, Norland Inc., Fort Atkinson, WI, USA), and measurements were expressed as the quantity of mineral divided by the area scanned (g/cm 2 ). pQCT measurements were performed on the non-dominant distal forearm, using a Stratec XCT-2000 device (Stratec Medizintechnik, Pforzheim, Germany).
According to the Food and Agriculture Organization/World Health Organization (FAO/WHO) recommendations [35] , diary-based studies that combine the data for specific contaminants with individual (or household) dietary records [36] can be employed to determine the intake of heavy metals. Women enrolled in this study completed a 131-item FFQ. This FFQ was previously validated and involves a 24-h recall performed over seven days [31, [37] [38] [39] . A database involving food cadmium, lead and mercury was constructed, as previously reported [39] . Using the FFQ, we also estimated the dietary intakes of iron, zinc, iodine, magnesium, copper, selenium, calcium and vitamin D from the Spanish Food Composition database [40] .
Medians and interquartile ranges (IQR) were used to describe the studied sample. Considering the non-normality of some of the studied data, the Mann-Whitney U test was used to evaluate the differences between groups. Partial correlations (adjusted by energy intake) were also calculated. To adjust for potential confounding factors, we used a non-parametric rank analysis of the covariance model, where cadmium, lead and mercury intake was considered factors and energy intake (kcal/day) was considered a covariate. All statistical tests were conducted using SPSS version 22.0 (IBM Corp., Armonk, NY, USA).
Results

Sample Characteristics Regarding Heavy Metal Dietary Intake
The women with the highest dietary cadmium intakes reported consuming more copper, vitamin D, iron, magnesium and selenium than those with less dietary cadmium exposure. After further adjustment for energy consumption, no significant differences were detected with regard to dietary iron, magnesium and copper in the cadmium subgroups (Table 1) ; the dietary intakes of vitamin D and selenium continued to be significant. Women with higher dietary intakes of lead reported lower BMIs and higher intakes of vitamin D, calcium, iron, zinc, iodine, magnesium and copper (Table 2) . After further adjustment for calorie consumption, the dietary intakes of iron, zinc magnesium and selenium remained significant. Higher dietary intakes of vitamin D, iron, magnesium, copper and selenium were observed in women with dietary intakes of mercury above the median of our sample (Table 3) . After further adjustment for calorie consumption, the dietary intakes of vitamin D and selenium remained significant. 
Bone Density and Heavy Metal Dietary Intake
Significant differences were observed in bone transmission time (µs) between the cadmium groups (Table 4 ) (p = 0.028). Such differences remained significant after further adjustment for energy intake (p = 0.037). No more significant differences were observed. No significant differences were observed between the lead groups; however, after adjusting for calorie intake, a significant difference was observed between the studied groups in the cortical area (mm 2 ) (p = 0.030) ( Table 5 ). No significant differences were observed between the mercury groups in the measured bone health parameters (Table 6 ). 
Correlation Study
Dietary intake of cadmium was positively associated with the dietary intakes of vitamin D, magnesium and selenium, after further adjustment for energy intake (Table 7) . Dietary lead intake was associated with dietary iron, calcium, zinc, magnesium and dietary selenium intakes, but not associated with vitamin D intake (p = 0.162) after adjusting for dietary energy. Similar to cadmium, mercury intake was associated with vitamin D intake and selenium intake but not with dietary magnesium intake (p = 0.063), after adjusting for calorie intake (Table 7) . Table 7 . Partial correlation results (dietary heavy metals and nutrients). No significant correlations were observed between the bone health parameters measured and dietary intakes of cadmium, lead and mercury in the studied sample of premenopausal women, after adjustment for energy intake (Table 8) . Moreover, regarding the osteopenia/osteoporosis diagnosis, based on the T-score at either the hip or the lumbar spine, no significant correlations were observed (Table 8) . 
Variable (UNITS)
Dietary
Dietary Heavy Metal Exposure and Major Food Sources in the Entire Sample
Finally, we assessed dietary exposure to the studied heavy metals and the primary food sources in the entire sample. We estimated that the median dietary cadmium exposure among the 158 women investigated was 25.29 µg/day (18.62-35.00) and 2.74 µg/kg body weight/week (b.w./w) (1.92-3.83). The dietary lead intake was 43.85 µg/day (35.09-51.45) and 4.82 µg/kg b.w./w (3.67-6.13). Dietary mercury intake was 9.55 µg/day (7.18-13.57) and 1.02 µg/kg b.w./w (0.71-1.48). The primary source of dietary cadmium intake was fish, which constituted up to 79% of the total exposure. The major source of dietary lead exposure was also fish, accounting for 88% of the total intake. Finally, the major source of dietary mercury exposure was cereals, constituting 53% of the total intake.
Discussion
The skeleton is a metabolically active organ that undergoes continuous remodeling throughout life. To investigate the influences of dietary cadmium, lead and mercury in premenopausal women, we analyzed the dietary intake of 158 healthy participants and evaluated their bone health by the three most widely used techniques to date, QUS, DXA and pQCT.
High cadmium exposure causes bone damage [41] [42] [43] . The effects of cadmium on bones have been regarded as late manifestations of cadmium toxicity and are supposed to be the consequence of cadmium nephrotoxicity, resulting in an altered vitamin D metabolism and a loss of re-absorptive capacity for nutrients [19] . Nevertheless, the joint Food and Agriculture Organization/World Health Organization (FAO/WHO) Expert Committee on Food Additives has determined that substantial confusion exists regarding the long-term effects of cadmium on the bone [19] , and that the association between dietary cadmium exposure and bone health must be further analyzed, especially in women [15] . The adverse effects of low-level cadmium exposure on bones, likely exerted via elevated bone resorption, has seemed to be enhanced after menopause [15] , and this was confirmed by our observations, as we did not detect any association between the evaluated parameters and dietary cadmium exposure in our sample of premenopausal women. The current in vivo experiment has established that cadmium exposure induced low vBMD and had no impact on tissue BMD [18] ; therefore, further attention should be paid to the influence of cadmium on bone microarchitecture.
Similarly, it has been suggested that lead accumulated in bones, due to exposure over time, can have detrimental effects on vBMD, by reducing cortical thickness and integral vBMD [44] in postmenopausal women; nonetheless, there is an absence of evidence for this hypothesis in premenopausal women. We did not detect a statistically significant difference in bone density among the groups of women, based on dietary exposure to cadmium or lead.
While not perfect, FFQs have been validated for estimating energy, macronutrients and micronutrients [45] [46] [47] [48] . Energy adjustment is essential in FFQ-derived estimates because estimates of nutrients and contaminants are often highly correlated with energy intake [48, 49] , as they were in this study. Dietary cadmium exposure was markedly lower than the provisional tolerable weekly intake (PTWI) level settled by the Joint FAO/WHO Expert Committee on Food Additives (JECFA; 7 µg/kg b.w./w) [50] and reexamined by the European Food Safety Authority (EFSA) [51, 52] that determined a renewed PTWI of 2.5 µg/kg b.w. (0.357 µg/kg b.w./day) [36] . In our sample of premenopausal women, approximately 49% of the sample exceeded the threshold for cadmium. JECFA has also established a PTWI for lead; however, the EFSA [53] determined that the prior PTWI (given as 25 µg/kg b.w.) was not useful, due to a lack of evidence of a threshold for lead-induced effects. We observed that our participants had figures well below the PTWI for lead. Our findings (4.82 µg/kg b.w./w) are consistent with those from previous studies in Spain [39, 54, 55] that assessed the dietary exposure of heavy metals. The results achieved, in regard to the average dietary exposure of lead in those studies, ranged from 4 µg/kg b.w./w to 56 µg/kg b.w./w between the zones considered. Finally, the EFSA have proposed a maximum dietary exposure of 4 µg/kg b.w./w [36] of mercury, and none of the studied women transgressed this limit.
The temporary trends of the dietary exposure of the studied heavy metals were estimated for Catalonia, Spain [36] . The dietary exposures for cadmium (2.6 µg/day), mercury (10 µg/day), and lead (8.4 µg/day) in this region were below the values observed in our sample. Regardless, our results are consistent with those from preceding investigations in Spain, indicating that dietary exposures of cadmium, lead and mercury in the Spanish diet are often within the recommendations [10, 39, 54, [56] [57] [58] [59] [60] [61] [62] [63] . One study estimated the dietary intake of the considered heavy metals [63] in our region and determined that our area revealed one of the lowest dietary exposures to cadmium and the highest dietary exposure of mercury in Spain; we admit that it is possible that the dietary patterns of our region have changed since then, and changes in the dietary exposures of cadmium, lead and mercury in our region might arise.
Primary dietary sources of cadmium in Spain are said to be cereals and fish [36] , which was confirmed by our observations. Analogous results were observed for the dietary exposure of mercury-fish was the primary dietary source [36, [64] [65] [66] [67] [68] . We observed a large contribution of cereals to total dietary lead exposure in two of the three considered heavy metals, together with fish and meat; this result supports previous investigations on the contribution of cereals to the dietary exposure of lead in Spain [69] .
Our study has several limitations. A first limitation is the observational cross-sectional design itself, which did not allow for the testing of hypotheses focused on the effect of dietary intake of heavy metals in premenopausal women on bone health. The study did, however, generate a significant data set that can be examined for potential relationships between dietary intake of heavy metals and different parameters of bone health, which can be used to inform hypotheses for future research. A second limitation was that although statistical analyses for this study were undertaken, minimizing bias in the reported findings, and adjustment for energy intake was performed and no differences were observed in the primary determinants of bone density among the analyzed groups, we cannot exclude the possibility of potential confounding. Furthermore, we planned to have enough statistical power to detect at least a medium effect size between groups in the measured bone-related parameters (Cohen's d = 0.5). With the final sample size, we were able to detect effect sizes up to Cohen's d = 0.45, which is higher than the values reported here. Therefore, our study was underpowered for detecting changes in bone health outcomes below the indicated threshold and as a result some of our findings may be prone to type 2 error. Finally, extrapolation of our intake results could be limited, due to regional variability in heavy metal levels in foodstuffs [48] .
Conclusions
We did not detect any relation between FFQ-derived dietary exposure estimates of the studied heavy metals (cadmium, lead and mercury) and bone density-measured by QUS, DXA and pQCT-in our sample of healthy premenopausal Spanish women. Due to the complexity of the roles of dietary heavy metals exposure in bone health, there is a need for further large-scale epidemiological studies, including longitudinal follow-up of QUS, DXA and pQCT, in relation to dietary heavy metal exposure, in women with different BMD statuses (normal, osteopenic and osteoporotic), before a more definite conclusion can be drawn.
